We numerically examine the spatial evolution of the structure of coherent and partially coherent laser beams (PCBs), including the optical vortices, propagating in turbulent atmospheres. The influence of beam fragmentation and wandering relative to the axis of propagation (z-axis) on the value of the scintillation index (SI) of the signal at the detector is analyzed. A method for significantly reducing the SI, by averaging the signal at the detector over a set of PCBs, is described. This novel method is to generate the PCBs by combining two laser beams -Gaussian and vortex beams, with different frequencies (the difference between these two frequencies being significantly smaller than the frequencies themselves). In this case, the SI is effectively suppressed without any high-frequency modulators.
INTRODUCTION
The inhomogeneity of the refraction coefficient, ( ) n r ′ r , in turbulent atmosphere creates fluctuations of the integral intensity at the detector, 1 ( ) ( , , ) 
for gigabit data-rates and long-distance optical communications 1, 2 . Here ( , , )
l I x y z is the intensity of the light field and S is the detector area; the superscript, l, indicates a particular state of the atmospheric turbulence. The variation of the signal, ( , , ) l I x y z , caused by the different spatial distributions of ( , , ) n x y z ′ , could lead to significant errors when decoding the bits of the detected information. The minimization these errors requires methods that maximally reduce the scintillation index (SI), ( ) 
Here the subscript, l, indicates an average over many atmospheric states, and ( 
Both beam fragmentation and beam wandering (see 4, 5 and references therein) are contributors to the SI. Fragmentation is the decay of the initial laser beam into many spatially separated beams. (See Fig. 1a .) These separated beams cannot be detected if the detector size is smaller than the characteristic distance between the beams. Wandering is the deviation of the coherent laser beam (initially oriented along the z-axis) in the xy-plane. This deviation, which depends on l, is defined by: It is known that a partially coherent beam (PCB) in combination with a slow time response detector leads to a significant reduction of the SI. (See [7] [8] [9] [10] [11] [12] and references therein.) The idea of the method is the following. For a given state of the atmosphere, l , a coherent laser beam passes through a phase modulator (РМ), which randomly changes the phase of the beam, ( , ) PM states at the detector, 13 to reduce the SI by a factor of 16 (for 10 M = ). This SI reduction is caused by the formation of significantly smaller-scale speckle structures after the PCB passes the AM, compared with the similar situation for a coherent beam. However, the optimistic theoretical predictions were done in 7 ,8, 9 only for the case of strong turbulence and long propagation distances ( σ . Our main objective is to create algorithms for the PM that allow us to significantly reduce SI for a relatively small number of realizations, M . The latter is important for practical implementation of long-distance optical communications. In the process of designing of these algorithms, we have examined the propagation of optical vortices (OV) 14 in turbulent atmospheres. As described in detail below, we recommend the use of a РСВ that combines an OV with a Gaussian beam (GB). If the frequencies of these types of beams differ by δω , then for a stationary distribution of the phase mask, 0 ( , ) 
SPATIAL EVOLUTION OF A COHERENT LASER BEAM IN A TURBULENT ATMOSPHERE
The reduction of the SI requires investigation of the properties of laser beam spatial evolution while propagating through the atmosphere. It is essential to understand the contributions of wandering and fragmentation to the signal scintillations at the detector, for a variety of levels of atmospheric turbulence, 
This averaging is performed over the circle in the xy -plane that contains 95% of the total beam power. The center of this circle is located at ( ) l w r z r . Then, these results are averaged over many atmospheric realizations:
Larger values of Fig. 3 .) The SI, 2 ( ) z σ , was derived by two methods. In the first case, the center of the detector always is positioned on the z -axis. In the second case, for each atmospheric state, l , the center of detector is placed at ( ) l w r z r , to the center of the wandering beam. These calculations were made only to analyze the spatial evolution of the beam. This specific SI, which corresponds to the second method of calculation, we denote as ( Fig. 3a) , the beam wandering evidently dominates at large distances: the SI of the detector fixed at the origin of the xy-plane, As it pointed out in the introduction, the use of a phase mask which produces small-scale random phase fluctuations over the beam cross section can lead to the result: This method was especially effective in the laboratory experiments 13 . But in this case, the beam wandering after the phase modulator, which simulated the atmosphere, was practically absent. Physical atmospheres introduce a significant difference in the spatial dynamics of both types of beams (coherent and PCBs). When wandering develops, the use of a small-scale phase mask is not effective, as shown in our paper 6 . The averaging in (8) 
SUPPRESSION OF SCINTILLATIONS BY USING AN ASSYMETRIC OPTICAL VORTEX
We will now describe the basic principles of our method for suppressing the SI. For this, we analyze the case in which a set of PCBs determining the averaged signal (8), is created by the phase mask: We can also call these laser beams PCBs because the variation of direction of coherent beam corresponds to changing its phase (9) at the plane 0 z = .
Generally, the choice of the "scattering parameter", ρ , (angle θ ) is not universal, and it must be coordinated with the The generation of an optimal set of РСВs that effectively minimizes the SI is a challenging technical problem for highdata-rate optical communication, because the transmission of information through a single frequency channel at rates above 1 / Gbit s requires a phase modulator, ( , ) m x y ϕ , whose frequency above 10 10 Hz . Now we discuss our method to eliminate this technical problem. Consider the properties of a specific РСВ that is a superposition of an optical vortex (OV) and a Gaussian beam. The initial directions of these two beams coincide with the z-axis. The amplitudes of the OV and the Gaussian beam at the plane 0 z = are ( ,0) exp
For convenience, we present some known results for OVs 14 . One way to create an OV is to pass a Gaussian laser beam through a spiral phase mask 16, 17, 18 which modulates the phase of the beam, ( , ) tan ( The laser beam described by (13) is remarkable in the sense that its wave front is a helical surface with field intensity equal to zero at the axis of propagation, z . In any transverse plane, the field intensity is distributed according to an axially symmetric light circle. The dark central area is caused by the initial helical phase perturbation, ( ) r In a homogeneous atmosphere, the intensity maximum of the CB and its center, ( ) • The ratio of beam amplitudes, / A B , which characterizes a degree of overlapping of PCB intensities in the plane, 0 z = .
• The form of phase mask, 0 ( , )
x y ϕ (see. Fig.6 ). In particular, for the same value of shot ρ , this mask can simulate a "concave lens" (rays a in Fig. 6 ) or a "converging lens" (rays b).
For the combined beam presented in Fig 
in which 0 2 v r cm = is the radius of the OV. This corresponds to the case of a "converging lens" (rays b) in Fig. 6 . The transverse cross-section of this beam approaches a minimum at the distances 300m  (see Fig. 7 ), then it diverges, and at 10 , is equivalent to the phase mask (15) . But the results of numerical simulations demonstrate a significant difference. The effectiveness of a "concave lens" is much less, approximately by a factor 1.5.
Note that a combined beam with an initial helical wave front is more sensitive to the inhomogeneities of the refraction coefficient, n′ , than a Gaussian beam. The line that connects the deviations of a combined beam , ( ) 
